This review briefly addresses what has been learned about resistance durability in recent years, as well as the questions that still remain. Molecular analyses of major gene interactions have potential to contribute to both breeding for resistance and improved understanding of virulence impacts on pathogen fitness. Though the molecular basis of quantitative resistance is less clear, substantial evidence has accumulated for the relative simplicity of inheritance. There is increasing evidence for specific interactions with quantitative resistance, though implications of this for durability are still unknown. Mechanisms by which resistance gene pyramids contribute to durability remain elusive, though ideas have been generated for identifying gene combinations that may be more durable. Though cultivar mixtures and related approaches have been used successfully, identifying the diseases and conditions that are most conducive to the use of diversity has been surprisingly difficult, and the selective influence of diversity on pathogen populations is complex. The importance of considering resistance durability in a landscape context has received increasing emphasis and is an important future area of research. Experimental systems are being developed to test resistance gene deployment strategies that previously could be addressed only with logic and observation. The value of molecular markers for identifying and pyramiding major genes is quite clear, but the successful use of quantitative trait loci (QTL) for marker-assisted selection of quantitative resistance will depend greatly on the degree to which the identified QTL are expressed in different genetic backgrounds. Transgenic approaches will likely provide opportunities for control of some recalcitrant pathogens, though issues of durability for transgenes are likely to be no different than other genes for resistance. The need for high quality phenotypic analysis and screening methodologies is a priority, and field-based studies are likely to remain of signal importance in the foreseeable future.
Introduction
A discussion of durable resistance must be considered in context of major global challenges. It has been predicted that a combination of changing diets and human population growth will result in an increased demand for agricultural production of 60-110% between the years 2005 and 2050 (Alexandratos and Bruinsma, 2012; Tilman et al., 2011) ; increased demand for forest products could be even greater (WWF, 2012) . Given the substantial losses caused by disease and pests globally (Oerke, 2006; Strange and Scott, 2005) and the increasing number of epidemic invasions resulting from globalization (Anderson et al., 2004; Crowl et al., 2008) , meeting this demand will require an intense focus on disease and pest control. Further, these demands must be met while avoiding negative environmental impacts caused by current practices (Tilman et al., 2001 ) and in the face of significant global climate change (IPCC, 2007) . Mean changes of temperature and precipitation can have positive, negative, or neutral impacts on specific diseases (Chakraborty, 2011; Garrett et al., 2006) . Of greater concern may be the expected increase in climatic variability (IPCC, 2012) , which could increase the number of diseases and pests of importance in a given locality, as well as the yearly fluctuations of their prevalence. Host plant resistance is generally the most favorable control method for environmental, economic, and social reasons. Thus, genes for resistance to diseases and pests can rightfully be considered one of the most important natural resources determining the survival of the human species (Mundt, 1994) , while the evolutionary potential of plant pathogens to adapt to host resistance (McDonald and Linde, 2002) makes good stewardship essential to attain sustainable use of this precious resource.
The evolution of both organisms (Gould and Eldredge, 1977 ) and scientific thought (Kuhn, 1996) commonly experience periods of relative stasis punctuated by periods of rapid change. I suggest that the field of durable resistance had been in a period of relative stasis for some years, but recent information presented in this conference clearly suggests that the field is entering another period of significant advancement. This article will attempt to summarize what has been accomplished in this field of study and what remains to be done, with an emphasis on changes that have occurred since the last international conference on this topic held in 2000 (proceedings published in Vol. 124, Issue 2 of Euphytica). Throughout this short review, significant questions that remain to be answered will be listed as italicized ''bullet points'' in an attempt to frame future directions for the field, while recognizing that a summary by any individual is bound to contain gaps and shortcomings. I will focus primarily on genetic aspects of durability, though it is important to recall that other disease control practices can influence both the epidemiological impact and the durability of host plant resistance .
Changes in outlook and approach
The field of durable resistance was once dominated by rigid dogma and competing views of both mechanism of resistance (e.g., horizontal versus vertical resistance) and resistance deployment strategies (e.g., pyramids versus mixtures). The field has largely moved beyond this outlook to a more mature one recognizing that all approaches of attaining durability have a potential value in different circumstances and, in fact, may complement each other when used in concert. The field of durable resistance also has broadened substantially in terms of host/pathogen systems under study. For many years, the field of durable resistance was largely dominated by studies of rusts and powdery mildews of small grain crops and of potato late blight. Over time, the field has expanded to a diversity of annual and perennial crops, to natural ecosystems, and to a wide range of fungi, oomycetes, bacteria, viruses, and nematodes (Zadoks, 2002) , a healthy process that continued in the 2012 conference. This review will be dominated by plant pathogens, my area of familiarity, but it is very positive that the conference itself also included contributions regarding durability of host plant resistance to insect pests. Finally, the field of durable resistance has broadened in scope by more widely incorporating the information from the fields of molecular genetics/genomics, ecology, and population genetics.
Molecular mechanisms of host/pathogen interactions
A clear advance since 2000 has been exciting progress in understanding the elusive nature of gene-for-gene interactions in plant host/pathogen systems. Despite elucidation of the basic genetic system several decades ago (Ellingboe, 1976; Flor, 1971 ) and cloning of the first avirulence in the 1980s (Staskawicz et al., 1984) , it had remained unclear why dominant genes conditioning avirulence would exist in pathogen populations. More recently, computational genomics has demonstrated that avirulence genes also serve as effectors of pathogen virulence, with substantial redundancy among effector genes (Cunnac et al., 2001; Jones and Dangl, 2006) . These advances could have substantial relevance to understanding the dynamics of pathogens populations in response to resistance deployment (Michelmore et al., 2013) . As one of many examples, it has often been observed that virulent races rarely revert to their initial frequencies after the end of a boom-and-bust cycle and the removal of the corresponding resistance gene (e.g., Fig. 1 ), an observation of relevance to understanding the potential success of deployment strategies such as resistance gene rotation or pyramiding of previously defeated resistance genes (see Section 5). Though it has long been suggested that compensatory mutations are crucial to the evolution of strains of both virulent plant pathogens (Parlevliet, 1981) and antiobiotic human pathogens (Björkman et al., 2000) , recent understanding of the molecular basis of virulence in plant pathogens suggests that the process could in fact be determined, at least in part, by a ''reshuffling'' of effectors with differing impacts on pathogen virulence. We have barely scratched the surface in terms of applying molecular mechanism to resistance durability, and a frontier in coming years is to answer the question:
How can our knowledge of molecular host/pathogen interactions help us to better understand and attain durability of resistance?
At this point in time, substantially less is known about the molecular basis of minor gene resistance. Whether quantitative resistance (QR) is fundamentally different from major gene resistance has been a point of debate for a long time (Nelson, 1978; Parlevliet and Zadoks, 1977; Vanderplank, 1982) . More recent research suggests that multiple types of mechanisms potentially contribute to minor gene resistance (Poland et al., 2008) , and the degree to which minor gene resistance conforms to these different mechanisms could have significant impact on durability of such resistance. For example, if minor genes function to impact morphological/developmental plant processes or influence basal host defense, QR would likely be more durable than if QR were instead due to weak major genes and thus subject to being overcome by lack-of-function mutations in the pathogen.
What is the mechanistic basis of quantitative resistance? Is the mechanism underlying quantitative resistance relevant to its durability?
Use of quantitative resistance (QR)

Inheritance and selection
Substantial field experience suggests that QR often is much more available and easier to accumulate than originally expected, and simply purging the most susceptible lines each generation can provide substantial progress in accumulating QR (Parlevliet, 1989) . Geiger and Heun (1989) reviewed the inheritance of QR from a biometric approach and concluded that the number of ''effective factors'' controlling QR ranges from 2 to 10, a range lower than had been predicted in earlier years. Similarly, a 1996 review of QR quantitative trait loci (QTL) concluded that the number of identified QTL associated with QR ranged from 2 to 11, with a median of 3.8 (Young, 1996) . A more recent survey (Kover and Caicedo, 2001 ) included 85 QTL studies and found that the number of identified QTL ranged from 0 to 18, with a median of 4.2. A plethora of papers has been published subsequently with similar results, and Singh et al. (2008) recently suggested that 4-5 minor genes may be sufficient to keep wheat stem rust Ug99 ''at negligible disease levels'', even under high disease pressure. The authors of the above reviews noted that estimates of QTL numbers are biased downward owing to small population sizes. Indeed, a resampling study showed that increasing sample size will result in identification of an increasing number of QTL with smaller effects (Vales et al., 2005) . Nonetheless, it is clear that a relatively small number of genes can account for a large proportion of the QR trait. Researchers sometimes identify QR via components of resistance (latent period, infection efficiency, sporulation, etc.) (Parlevliet, 1979) . These components are often highly correlated (Parlevliet, 1989) , and evidence has been cited for pleitropic control (Parlevliet, 1986; Wang et al., 1994) . More recently, development of near-isogenic barley lines containing different combinations of three QTL (Richardson et al., 2006) provided strong evidence for pleitropic control of latent period, infection efficiency, lesion size, and pustule density (a surrogate for sporulation) for stripe rust of barley (Fig. 2) . If pleiotropic control is a general phenomenon, it would provide additional evidence for simplicity of the genetic control of QR and its use in breeding programs. On the other hand, pleiotropic control would reduce the number of genetic changes required for a pathogen to overcome such resistance.
Despite the relative simplicity of inheritance of QR, there also appear to be an abundance of QR genes available, at least against some diseases. For example, Rosewarne et al. (2013) recently cataloged 140 QTL for QR to stripe rust and assigned them to 49 different genomic regions of wheat. Relative simplicity and abundance of minor QR allow for rapid accumulation while also making progress for important agronomic traits, such as yield (Parlevliet, 1989) . Though a tremendous amount has been learned, there still is a limited number of pathosystems for which QR has been thoroughly studied.
Is minor gene resistance available against all pathogens? How many genes are sufficient? Are components of resistance always pleiotropically controlled?
Mechanisms of durability
Extensive practical experience clearly demonstrates that quantitative resistance is more durable than major gene resistance on average (Parlevliet, 1989) . The durability of QR is commonly assumed to be due to the number of genes controlling the trait, though arguments to the contrary have been made (Vanderplank, 1978 (Vanderplank, , 1982 . Certainly there are mechanisms other than gene number that could contribute to durability of resistance of QR. For example, selection coefficients against individual genes controlling QR will be smaller than those against major gene resistance. The degree of host genotype Â pathogen genotype specificity may be less for minor gene than major gene resistance (see below). Host Â pathogen Â genotype interactions (Kulkarni and Chopra, 1982) could also play an important role for genes of minor effect.
What determines the durability of QR?
Specificity of QR and potential ersosion
There have long been concerns that QR may select for pathogen virulence and/or aggressiveness. Parlevliet and Zadoks (1977) demonstrated through modeling that gene-for-gene interactions may occur in QR, but be difficult or impossible to detect with traditional analysis-of-variance approaches. Quantitative host genotype Â pathogen genotype interactions have sometimes been detected experimentally (e.g., Latin et al., 1981; Lehman and Shaner, 1996; Parlevliet, 1977) . Interactions with environment, however, may sometimes cause these interactions to be irrelevant to pathogen adaptation (Kulkarni and Chopra, 1982) . For example, Leonards-Schippers et al. (1994) identified potato QTL that interacted with two races of Phytophthora infestans, though the results were not repeatable among trials.
Adaptation of pathogen populations to QR can be demonstrated in greenhouse and growth chamber evaluations, provided that the original source is a field-collected population and, hence, more heterogeneous or if sexual crosses have been made (Ahmed et al., 1995; Ahmed et al., 1996; Caten, 1974; Clifford and Clothier, 1974; Jeffrey et al., 1962; Kolmer and Leonard, 1986; Shaner, 1996, 1997; Leonard, 1969) . Such diverse populations would enable selection for more virulent types within the pathogen population. In some cases (Caten, 1974; Clifford and Clothier, 1974; Jeffrey et al., 1962) , isolates have been found to be more virulent to the cultivar they were isolated from in the field, but subsequent cycling of single isolates failed to show increases in virulence. Such results could be expected, as large field populations may harbor significant variation, while individual isolates are likely to be invariant, or at least highly uniform, for pathogenicity. More recently, a serial passage experiment in the field demonstrated pathogen adaptation to QR for powdery mildew of barley (Villaréal and Lannou, 2000) and a serial passage experiment under controlled conditions resulted in complete erosion of the quantitative resistance to PVY in pepper (Montarry et al., 2012) . Recent studies have also demonstrated pathogen adaptation to QR QTL under experimental conditions for apple scab (Caffier et al., this issue) .
Pathogen adaptation to QR is more difficult to demonstrate in production situations. A wheat cultivar quantitatively resistant to Septoria tritici blotch eroded substantially over a 10-year period in the Willamette Valley of Oregon, as indicated by yearly comparison with a standard, susceptible cultivar . This pathosystem represents the worst case scenario for pathogen adaptation, owing to yearly sexual recombination, unusually large effective population size, favorable environment, and lack of substantial immigration . Thus, one might reasonably argue that these results are not relevant to the more common situation for plant pathogens (clonal reproduction, significant genetic bottlenecks, and variability of environment) and that the rate of pathogen adaptation would be very slow relative to the commercial life of a cultivar, at least for annual species. For potato late blight, arguments have been made for the stability of QR over both time (Vanderplank, 1978) and space (Forbes et al., 2005) . However, an analysis of P. infestans populations from France versus Morocco (Andrivon et al., 2007) has raised questions about the potential of that pathogen to adapt to quantitative resistance. At the 2012 conference, Andrivon suggested that QR to potato late blight could be stable or unstable, depending upon the specific combinations of life history trade-offs, local adaptation, and gene flow.
In addition to specific adaptation discussed in the preceding paragraphs, QR may also select for increased pathogen aggressiveness. Here, I am using ''aggressiveness'' as originally defined by Vanderplank (1968 Vanderplank ( , 1978 , i.e., genetic variation for pathogenicity among pathogen genotypes that does not interact differentially with host genotypes. Kolmer and Leonard (1986) found that both specific adaptation to host genotype as well as aggressiveness of Cochliobolus heterostrophus to maize genotypes could be increased through artificial selection over three sexual generations of the pathogen in the laboratory. There is evidence that selection pressure by both QR Pink et al., 1992; Schouten and Beniers, 1997 ) and a protectant fungicide selected for increased levels of pathogen aggressiveness.
As was recently discussed by Lannou (2012) , interactions between the fields of plant pathology and evolutionary biology may be very helpful in understanding pathogen responses to QR. Will QR select for increased pathogen adaptation and/or aggressiveness in the field? Will QR erode against all pathogens? How quickly will erosion occur? Will QR erode to a practical level? Are management strategies needed to increase the durability of QR?
Deployment strategies
Though deployment strategies are relevant to both major genes and to QR, they are more relevant to major gene resistance, given the long history for lack of durability of those genes when deployed singly.
One gene at a time
Although not often promoted by breeders or pathologists, there are cases in which deployment of a single major gene may make sense. Resistance is more likely to be durable in environments less conducive to the pathogen owing to smaller population sizes (Johnson, 1993) . Thus, for environments in which a disease occurs at moderate or low severity, a single resistance gene may be adequate for a very long period of time, freeing resources to breed for durability to more serious/frequent diseases. A second example would be introductions of new pathogen species or new populations of a pathogen that are more highly aggressive. Though it is preferable to conserve resistance genes for use in some type of deployment scheme, it may be necessary to use single genes to keep an industry functional until such time that more durable strategies can be developed.
Gene rotation
Gene rotation involves deployment of an effective resistance gene, replacement with a different gene after appearance of a virulent race, and reuse of the original resistance in the future after the corresponding race has declined sufficiently in frequency (Crill, 1977) . Though gene rotation schemes have been implemented against rice blast (Crill et al., 1981) and rice tungro disease (Manwan et al., 1985; Sama et al., 1991) , success of these attempts is difficult to evaluate (Mundt, 1994) . More generally, there are two substantial difficulties associated with gene rotation. The first is the very difficult logistical necessity of monitoring virulence accurately, having seed of replacement cultivars available in adequate quantities, and obtaining agreement among all farmers to simultaneously change cultivars. Perhaps more important, virulences may not decline to their original frequencies once the corresponding resistance gene is removed (e.g., Fig. 1 ).
Are there situations in which gene rotations will be an effective approach to durability?
Gene pyramids
There is broad agreement that combining genes for resistance (gene pyramids) is a useful approach for increasing durability, with many known successes. Perhaps the best success story, and certainly the best documented one, is for the control of stem and leaf rusts of wheat (Green and Campbell, 1979; McIntosh and Brown, 1997; Samborski, 1985; Schafer and Roelfs, 1985) . For example, resistance gene combinations have kept wheat stem rust in check since the mid-1950s. The discovery of wheat stem rust race Ug99 in Uganda in the late 1990s now threatens these pyramids (Singh et al., 2011) , and demonstrates that pyramids are not necessarily permanent. Nonetheless, controlling a globally-distributed pathogen of one the world's most important crops for over half of a century is an exceedingly impressive record of success befitting Johnson's (1981) definition of durability.
The mechanism(s) by which pyramids increase durability are not clear. The standard dogma has been that, if resistance genes have not previously been deployed singly or in less complex combinations, the probability of an asexual pathogen mutating to virulence against all resistance genes in the pyramid would be the product of the probabilities for each gene singly, thus making the probability of a virulent pathotype arising highly unlikely (e.g., Schafer and Roelfs, 1985; Wheeler and Diachun, 1983) . It is very difficult to determine mechanism from available empirical data, however. There is not strong evidence for gene number per se as the dominant mechanism for the durability of pyramids (Johnson, 1981; Mundt, 1990 Mundt, , 1991 Vanderplank, 1978) , and other mechanisms may be operative. For example, there may be a large fitness disadvantage associated with pathogen genotypes lacking avirulence against specific combinations of resistance genes (Green, 1975; Vanderplank, 1975) . Johnson (1981) suggested that the slow rusting, adult plant resistance gene Sr2 may be strongly associated with durable resistance gene combinations against wheat stem rust, and combinations of Sr2 with other genes has played a crucial role in the international programs of CIMMYT (Rajaram et al., 1988; Singh et al., 2011) , with stacking of major genes being a ''supplementary strategy'' (Rajaram et al., 1988) . It would be interesting to test whether quantitative, adult plant resistance always contributes to durability of major genes in pyramids and, if so, whether it is the expression in the adult plant stage, the incomplete expression of resistance, both, or some other mechanism that contributes to this durability. Residual effects of defeated major genes (Pedersen and Leath, 1988 ) might also make a contribution to the durability of resistance gene combinations in some cases. Obviously, multiple mechanisms could operate simultaneously.
Elucidating the mechanisms by which pyramids provide durability is not merely an academic point, as mechanism may determine if one should focus on gene number per se or to finding favorable resistance gene combinations, or to combining adult plant genes with major genes, etc. For example, if the genetic probabilities hypothesis is not the main mechanism imparting durability, then a disappointing outcome could potentially result from a significant effort in building complex pyramids of major, race-specific genes.
What determines the durability of resistance gene pyramids?
Regardless of mechanism, it is reasonable to assume that some resistance gene combinations will be more durable than others, and methods have been proposed for identifying the most durable combinations. One such approach is through evaluation of fitness effects of individual genes Janzac et al., 2009; Khatabi et al., 2013; Leach et al., 2001; Vera Cruz et al., 2000) . If avirulence genes also function as virulence effectors (Cunnac et al., 2001; Jones and Dangl, 2006) , then durability might reasonably be expected to be correlated with the fitness reduction associated with loss of the effector, and combining genes with large fitness losses would be expected to be more durable than combining genes with little or no fitness reduction. For clonal pathogens, another method is the lineage exclusion approach (Zeigler et al., 1994 (Zeigler et al., , 1995 . It has been suggested that loss of an avirulence gene occurs more frequently in some clonal lineages of a pathogen than in others. Thus, it has been hypothesized that durability of pyramids can be increased by choosing combinations of resistance genes such that avirulence mutations occur infrequently against at least one resistance in each clonal lineage. Finally, I believe that the accumulated wisdom of plant breeders has often been underestimated. Genes that contribute to durable pyramids, such as Sr2 against wheat stem rust and Lr13 and Lr34 against wheat leaf rust, were uncovered through the experience of breeders working in the field, and many more such combinations are sure to be found.
Can we do a better job of predicting durable resistance gene combinations?
Mixtures
Resistance genes can also be mixed within a field, e.g., as multiline cultivars or cultivar mixtures. A significant degree of information has accumulated regarding the use of resistance gene mixtures for disease control, as well as a significant number of examples of successful implementation (Garrett and Mundt, 1999; Finckh et al., 2000; Mundt, 2002) . As with most areas of durable resistance, much of the initial work was on rusts and powdery mildews of small grains. In more recent years, this work has expanded to a much wider diversity of pathosystems (Mundt, 2002) . Despite attempts at prediction based on epidemiological principles (Garrett and Mundt, 1999) , it has been very difficult to determine the types of pathosystem for which diversity provides a large degree of disease control. There are examples of both positive and negative effects of mixtures on disease control for most any type of pathosystem, e.g., small plant versus large plant, foliar versus soil-borne disease, specialized versus non-specialized pathogen, etc. (Mundt, 2002) . Indeed, sometimes even long-held views on mixture mechanisms controlling rusts and powdery mildews can be brought into question. For example, it has long been assumed that rusts and mildews of cereals are controlled through dilution of inoculum (Chin and Wolfe, 1984a; Wolfe, 1985) and local reduction of intrinsic rates of disease increase Mundt and Browning, 1985) . However, recent studies suggest that perhaps diversity instead sometimes functions to reduce the number of new founders, with local infection rates being relatively unaffected (Fig. 3) , a result consistent with the observation that mixtures are particularly vulnerable to the influence of outside inoculum (Mundt, 2002; Wolfe, 1985) .
Under what conditions will mixtures provide a substantial epidemiological impact?
Given constant crop area, it is logical that a resistance gene will last longer in mixture than in pure stand simply owing to reduced exposure to the pathogen, and limited field observations support this expectation (Mundt, 1994) . A more relevant question may be whether a given number of genes will last longer in mixtures than by sequential use in pure stand. In this regard, an issue has been whether use of mixtures will select for complex races (sometimes called ''super-races'') that accumulate many or all resistance genes in a mixture or, alternatively, if a stable polymorphism will develop among races of varying complexity. Field observations and experiments to date do not suggest rapid dominance of host mixtures by highly fit, complex pathogen races, though available evidence is limited (Mundt, 2002) . Mathematical models (summarized in Kiyosawa, 1989; Leonard and Czochor, 1980; Marshall, 1989; Mundt, 2002) , generally suggest that complex races will eventually dominate the pathogen population, though the rate of evolution may be sufficiently slow to be manageable. Most of these models assume static costs associated with loss of avirulence genes to be the dominant mechanism countering evolution of pathogen complexity. There are many other potential mechanisms that could counter pathogen evolution towards complexity, however (Mundt, 2002) . For example, quantitative adaptation of the pathogen to host genetic background in a three-way barley cultivar mixture apparently resulted in disruptive selection on the pathogen population and reduced fitness of the most complex race (Chin and Wolfe, 1984b) .
How do pathogen populations evolve in diverse host populations?
Landscape approaches
Relatively little is known about the effects of landscape-level processes on epidemics or on pathogen evolution (Plantegenest et al., 2007; Real and Biek, 2007) . A number of earlier studies were reported Mundt and Browning, 1985) , including suggestions for the regional deployment of resistance genes against rust and other pathogens that move on a continental scale during the course of a season Knott, 1972; Reddy and Rao, 1979) . Though such deployment strategies obviously cannot be studied experimentally, there have been situations in which regional deployment has been ''tested'' unintentionally, and suggest that such approaches may be highly effective , though not necessarily easy to implement. There has been a recent resurgence of interest in landscape issues influencing host plant resistance, including the effects of landscape structure and heterogeneity on epidemics (Fabre et al., 2012; Meentemeyer et al., 2011; Mundt et al., 2011; Skelsey Fig. 3 . Temporal increase of stripe rust on a susceptible wheat genotype in monoculture or in a mixture of 25% susceptible/75% resistant plants at different distances from the initially inoculated focus. In bottom three panels, curves for the mixture are shifted left one week for comparison with the monoculture. et al., 2010) . Recent studies with leaf rust of wheat (Papaïx et al., 2011; Lannou et al., this issue) have described an association between observed resistance levels of QR wheat cultivars and the cultivar composition on a national scale. Wingen et al. (2013) recently demonstrated via modeling how the nature of long-distance dispersal can influence the probability that virulent pathogen mutants will successfully colonize a resistant host in heterogeneous plant populations.
How do landscape factors influence population biology of plant pathogens and disease spread? Will it be effective and feasible to manage landscapes for resistance durability?
Experimental tests of durability
Conclusions regarding durability strategies are often based solely on logic or observation, leaving many questions about causal relationships. Many important questions involve infrequent events that require long time-frames and/or large amounts of space to test using traditional approaches and, thus, experimental data have been very scarce. Fortunately, this situation is beginning to change. Experimental systems in both the laboratory and in plastic field tunnels demonstrated that the presence of minor QTL conditioning QR increased durability of a major gene for resistance to potato virus Y (PVY) in pepper ). The same result was obtained in a 5 yr, field-based system with Leptosphaeria maculans in Brassica napus (Brun et al., 2010; Delourme et al., this issue) . In a combination field/greenhouse system, durability of a major gene for resistance to root knot nematode depended on host genetic background, perhaps owing to differences in quantitative resistance among potato genotypes (Fournet et al., 2013) . Several other recent experimental systems to test different resistance gene deployment strategies were reported at the 2012 conference.
Can we further develop experimental tests of resistance durability?
Changing technologies
It is likely no accident that Nobel Laureate plant scientists Norman Borlaug and Barbara McClintock were known for spending countless hours in the field. There still is no substitute for spending the time to become intimately associated with the organism you are studying in its natural environment. In other words, if you want to become outstanding in your field, it can help to spend time standing in the fields. For those of us working with durable resistance, it is especially important to interact with farmers and other practitioners, as they observe their ecosystem on a daily basis and can provide perspectives that we cannot. One of many examples of this importance is a highly successful cultivar mixture program with against rice blast in China. Though scientists had the general idea of using host diversity for disease control, the specific spatial patterning of cultivars in the field that turned out to be a key to success of the program was suggested by a local farmer who was already using the practice (Zhu et al., 2000) .
Can we maintain our ''field wisdom'' while adopting new technologies?
The importance of the field notwithstanding, molecular marker technologies have presented many new opportunities for achieving durable resistance. A clear application is in developing pyramids of major genes, as identifying these gene combinations is difficult or impossible based on phenotype alone. Scores, if not hundreds, of studies have been published identifying QTL for quantitative resistance to plant diseases, with the hope of using these QTL in marker-assisted selection (MAS). The ''elephant in the room'' regarding QTL is the degree to which they function in different genetic backgrounds; in absence of such transferability, markers are of limited use. At present, it appears that there will be many QR QTL that do not function in all genetic backgrounds, but this does not preclude using a combination of a limited number dependable markers as a pre-screen, and then using phenotypic analyses to chose the best progeny from among those. An important factor to consider in using MAS for QR is the potential danger for narrowing the genetic base for QR via wide-scale deployment of a limited number of QTL through use of MAS, though there may be ways to mitigate that danger (St. Clair, 2010) .
How frequently will QR QTL function in multiple genetic backgrounds? What is the most appropriate mix of markers versus phenotyping in selecting for QR? Will deployment strategies be needed for QR QTL?
In the very near future, whole genome sequencing will likely make markers obsolete and greatly expand our options for studying disease resistance. As molecular technologies have expanded, there seems to be increasing agreement that the limitation to progress lies in improved phenotyping, especially for quantitative traits (Cobb et al., 2013; St. Clair, 2010) . Along with this recognition have come calls for ''next-generation phenotyping'' via technologies such as field sensors, robots, and digital imaging (Cobb et al., 2013) . Such technologies will certainly have their place and should be adopted when appropriate. However, there are many things that the human eye and brain can integrate while staring into a plant canopy that just simply will never be captured via these types of technology. It also is interesting that attempts to validate new marker technologies, for example, often result in field approaches that are faster, less expensive, and more accurate than the methodology they were attempting to validate. Thus, in addition to ''next-generation phenotyping'' at least an equal investment needs to be made in basic field biology, disease ecology, and experimental field design to improve ''traditional'' phenotyping methodologies.
What are the most effective ways to phenotype for disease resistance?
Transgenic technologies will likely provide opportunities for novel approaches to control of some recalcitrant pathogens, and to more quickly transfer currently available resistance genes within plant species (Dangl et al., 2013) . We can hope for breakthroughs against plant diseases pathogens with outcomes that will be equivalent to the eradication of smallpox for humans. More likely, however, transgenics will simply provide a greater diversity tools, but will be subject to the same issues of durability as traditional genetics.
How will transgenics contribute to resistance durability?
Closing comments
Kurt Leonard, my Ph.D. advisor and a significant contributor to the field of durable resistance, titled a recent summary of his career as ''An Ideal Job'' (Leonard, 2012) . This is a wonderful reminder of how fortunate we are to study the dynamics of interacting organisms in a field that incorporates all aspects of biology -molecular biology, genetics, physiology, developmental biology, population biology, ecology, epidemiology environmental biology -and sometimes also a significant dose of the social and physical sciences as well. The excitement of this field fuels our energy, keeps us pursuing the next questions and, perhaps most importantly, provides the stimulating environment needed to attract the best and brightest young scientists into our field. However, another important reminder was delivered to me over 30 years ago while taking a course in ''Tropical Plant Pathology'' from H. David Thurston at Cornell University. During one class, Dr. Thurston was explaining how a very simple, low-cost project had an important impact on the well being of a rural community in the developing world. He then paused and said, ''After all that's what plant pathology is all about -helping people''. This brings us back to the global issues mentioned in Introduction of this review, and a reminder that many people are depending on us to translate our science into workable solutions to achieve durability of resistance. We have a responsibility to do so.
Will we meet that challenge?
